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ABSTRACT Nicotiana tabacum cv. Xanthi nn plants were
transformed with nucleotides 3472-4916 of tobacco mosaic
virus (TMV) strain U1. This sequence contains all but the three
3' terminal nucleotides oftheTMV 54-kDa gene, which encodes
a putative component of the replicase complex. These plants
were resistant to infection when challenged with eitherTMV U1
virions or TMV U1 RNA at concentrations of up to 500 ,ug/ml
or 300 ,ug/ml, respectively, the highest concentrations tested.
Resistance was also exhibited when plants were inoculated at
100 ,g/ml with the closely related TMV mutant YSI/1 but
was not shown in plants challenged at the same concentrations
with the more distantly related TMV strains U2 or L or
cucumber mosaic virus. Although the copy number of the
54-kDa gene sequence varied in individual transformants from
1 to S5, the level of resistance in plants was not dependent on
the number of copies of the 54-kDa gene sequence integrated.
The transformed plants accumulated a 54-kDa gene sequence-
specific RNA transcript of the expected size, but no protein
product was detected.

The organization of the tobacco mosaic virus (TMV) genome
is fairly well understood. However, one aspect of the genome
strategy that has not been fully elucidated is the exact nature
of the replicase enzyme responsible for the synthesis of the
genomic and subgenomic RNAs. It is generally accepted that
the virus codes for four proteins, two of which are translated
from the genomic RNA and two from individual subgenomic
RNAs (see review in ref. 1). The 5' proximal region of the
genomic RNA encodes two coinitiated proteins, the 126-kDa
and 183-kDa proteins, considered to be components of the
replicase (2). The 183-kDa protein is generated by a read-
through of the UAG stop codon of the 126-kDa protein. The
other two proteins, the 30-kDa cell-to-cell movement protein
and the coat protein, are each synthesized from separate
subgenomic mRNAs, on which each gene is 5' proximal.
What is not generally accepted, however, is our contention
that there is a separate protein (the 54-kDa protein) for which
there is an open reading frame in the read-through portion of
the gene encoding the 183-kDa protein (1). Our principal
evidence for the existence of such a protein comes from the
finding that there is a third subgenomic RNA in TMV-
infected plants, termed I, RNA (3), whose 5' terminus has
been mapped to nucleotide residue 3405 in the TMV genome.
This subgenomic RNA contains the open reading frame for a
54-kDa protein, which starts with an AUG codon at position
3495 (4). Support for its function as a mRNA and as a
subgenomic RNA is derived from the observation that it is
found on polyribosomes (4) and that there is a double-
stranded RNA of a size corresponding to the double-stranded
version of the I, subgenomic RNA (5, 6).

The 54-kDa protein has not been found in infected tissues,
however. Saito et al. (7) prepared antibodies to a 1-
galactosidase fusion protein expressed in Escherichia coli,
which contained 432 amino acids specific to the 183-kDa
protein, and could not detect the 54-kDa protein in protoplast
extracts by immunoprecipitation or Western blotting under
conditions where the antibody would detect the 183-kDa
protein. Likewise, we have not been able to detect 54-kDa
protein in Western blots using antiserum made to the whole
183-kDa protein (8), although on occasion we have seen
inconclusive faint bands in the region of the gel where such
a protein would be expected. This is in spite of the fact that
our antiserum is capable of precipitating the 54-kDa protein
generated from in vitro translation products of either TMV
RNA or T7 transcripts of the 54-kDa gene.

In an effort to attribute a function to the 54-kDa protein, we
have transformed tobacco with the coding sequence for this
nonstructural viral protein. Unexpectedly, these plants
showed a complete resistance to replication of the Ul strain
ofTMV from which the 54-kDa gene sequence was derived.
These findings and their implications for the production of
virus-resistant plants are discussed.

MATERIALS AND METHODS
Plants and Virus Strains. TMV strain U1 was purified from

infected Nicotiana tabacum cv. Turkish Samsun as de-
scribed by Asselin and Zaitlin (9). Unless otherwise indi-
cated, subsequent use of the term TMV implies strain U1.
Before use, preparations of TMV strain U2 (10) and L (11),
which had been stored as laboratory stocks at 40C, were
pelleted at 75,000 X g for 25 min and resuspended in water to
enrich for full-length virions. A preparation of freshly pre-
pared cucumber mosaic virus (CMV) strain Fny was a gift of
M. J. Roossinck (Cornell University). Viral RNA was iso-
lated by phenol extraction and ethanol precipitation. N.
tabacum cv. Xanthi nn was used as a TMV-susceptible,
systemic host and for transformation, and N. tabacum cv.
Xanthi nc was used as a local lesion host. Virus was some-
times propagated in N. tabacum cv. Turkish Samsun. Pro-
toplasts used in the studies to detect the 54-kDa protein were
prepared from N. tabacum cv. Xanthi NN. The description
and origin of these cultivars is discussed by Harrison (12).
Plants were maintained in a greenhouse or in a growth
chamber with a 14-hr light/10-hr dark cycle at 24°C.

Cloning the 54-kDa Gene. A clone of the TMV 54-kDa gene
was obtained by using an oligonucleotide primer consisting of
aBamHI site linked to the 5' end ofa sequence complementary
to nucleotides 4906-4923 of the TMV RNA sequence. First-
strand cDNA was synthesized by Moloney murine leukemia
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virus reverse transcriptase and was rendered double stranded
by sequential treatment with reverse transcriptase and the
Klenow fragment ofDNA polymerase I, relying on loop-back
synthesis (13). The double-stranded cDNA was digested with
BamHI, which cleaves once within the TMV sequence at
position 3321, and ligated into the BamHI site of M13mp18.
Sequencing showed that all the clones examined contained the
sequence from position 3332 but lacked the BamHI site
provided by the primer. This resulted in the deletion of the
54-kDa termination codon and the extension of the 54-kDa
protein at its C terminus by five amino acids derived from the
vector M13mpl8. The region ofthe insert encoding the 54-kDa
protein was removed by digestion with Hae II, which cleaves
at position 3467 in the TMV sequence, treated with Klenow
fragment to blunt end the 3' overhang, and digested with Pst
I. The Hae II/Pst I fragment was ligated into Pst I/Sma
I-digested pBS(-) (Stratagene), resulting in a plasmid termed
pRTT-1. Sequencing showed that it contained the TMV se-
quence from nucleotides 3472 to 4916. The orientation of the
insert was such that transcription from the T7 promoter gives
plus-sense RNA transcripts (Fig. 1B).
The TMV 54-kDa gene sequence insert of pRTT-1 was

excised by digestion with HindIII and Sac I, made blunt-
ended by treatment with the Klenow fragment, and ligated
into the Sma I or Xho I site of pMON316 (14). pMON316
contains a unique Xho I site in a polylinker region located
between the cauliflower mosaic virus (CaMV) 35S promoter
and the nopaline synthase 3' untranslated region. A Sma I site
is found in the polylinker region as well as within the Ti
plasmid homologous region of pMON316. Plasmid pTS541A
(Fig. 1C) was generated by insertion of the TMV sequence
into the Sma I site, which resulted in the deletion of the
nopaline synthase 3' untranslated region and a portion of the
Ti plasmid homology region. Insertion of the TMV sequence
into the Xho I site resulted in the formation ofpTS541. Clones

A

containing the 54-kDa gene sequence in the sense or an-
tisense orientation were characterized and isolated. Each
construct was transferred to Agrobacterium tumefaciens
strain GV3111 carrying pTiB6S3-SE by means ofa triparental
mating system (15), and transconjugates were selected by
resistance to kanamycin and streptomycin.

Plant Transformation. Cut pieces of sterile N. tabacum cv.
Xanthi nn leaves were transformed by the modified A.
tumefaciens GV3111, containing the TMV 54-kDa gene cod-
ing sequence, as described by Horsch et al. (16). Transformed
calli were selected on regeneration medium supplemented
with kanamycin at a concentration of 300 ,ug/ml. Resistant
calli were induced to regenerate shoots and roots, transferred
to soil, and maintained in a greenhouse (16).

Nucleic Acid Analysis. DNA was isolated from leaves of
plants by a modified procedure of Murray and Thompson
(17). The DNA was digested with restriction enzymes, sep-
arated in 1.0%o agarose gels, transferred to GeneScreenPlus
(DuPont) nylon membranes, and hybridized to a 32P-labeled
probe (18) specific for the TMV 54-kDa gene sequence. RNA
was isolated from leaf tissue by a modified procedure of
Chirgwin et al. (19). Total RNA was separated in a 1.2%
agarose/formaldehyde gel and transferred to nitrocellulose
(13). The blot was hybridized to a 32P-labeled DNA probe
complementary to the 54-kDa gene coding sequence (18).
Immunological Analyses. An antiserum to the 54-kDa pro-

tein was made by injecting rabbits with tuberculin coupled to
a synthetic polypeptide representing amino acid residues
243-257 of the 54-kDa protein (corresponding to residues
1407-1421 of the 183-kDa protein). An in vitro translation
product of a T7 transcript from the 54-kDa gene was immu-
noprecipitable with this antiserum (data not shown). Antise-
rum to the read-through region of the 183-kDa TMV protein,
and thus specific to the 54-kDa protein, was provided by T.
Meshi (University of Tokyo). For Western blotting, total

3405 3472 3495 4916

5Y-GCAGGA-CA CMAGACUGGIAUACWCU- 3'

B
3472 3495 4916
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C
FIG. 1. (A) Important features of the

sequence of a region of the TMV genome
that contains the read-through portion of
the 183-kDa protein gene. The I subge-
nomic RNA begins at nucleotide 3405;
the 54-kDa open reading frame extends
from nucleotide 3495 to 4919. (B) TMV
sequence used for plant transformation.
The boxed region contains the sequence
coding for the five additional amino acids
added to the 54-kDa gene product. (C)
Plant expression vectors containing the
TMV 54-kDa gene sequence inserted be-
tween the CaMV 35S promoter and the
nopaline synthase (NOS) polyadenylyla-
tion site. These plasmids were derived by
insertion of the TMV cDNA into either
the Xho I site (pTS541) or the Sma I site
(pTS541A) in the polylinker region of
pMON316. The numbers refer to nucle-
otides in the TMV genome. The neomy-
cin phosphotransferase II (NPTII) gene
confers a selectable kanamycin-resis-
tance marker to transformed plants.
LIH, Ti homologus DNA; ORI, origin of
replication.
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extracts of transformed and untransformed plants were pre-
pared by homogenizing leaf samples in 50 mM Tris1HCl, pH
7.5/0.4 M sucrose/20% (vol/vol) glycerol/5 mM MgCl2/10
mM KCI/10 mM 2-mercaptoethanol. The extracts were cen-
trifuged at 30,000 X g. Both the supernatants and the resus-
pended pellet were subjected to electrophoresis in an SDS/
12.5% polyacrylamide gel and transferred to nitrocellulose.
The nitrocellulose filter was incubated first with specific
antibodies followed by gold-conjugated anti-rabbit antibod-
ies, and the detection was enhanced with silver (8).

In an additional approach to detect the 54-kDa protein, leaf
strips (1-2 mm x 50 mm) of TMV-infected Turkish Samsun
tobacco were vacuum infiltrated with [35S]methionine at a
concentration of 10 ACi/ml (1 Ci = 37 GBq) in 10 mM
KH2PO4 (pH 7.0) containing chloramphenicol at 1 mg/ml.
They were incubated in dim light for 20 hr at 250C. Protoplasts
were also labeled with [35S]methionine; they were prepared
from either transgenic N. tabacum cv. Xanthi nn or cv.
Xanthi NN leaves as described by Hills et al. (8). The latter
protoplasts were electroporated withTMV RNA at 10lg/ml.
Protoplasts (about 150,000 per ml containing 5-10 ,uCi of
[35S]methionine per ml) were incubated at 25°C in dim light
for 40 hr. They were collected by low-speed centrifugation
and lysed in 20 mM Tris HCl, pH 7.5/2 mM EDTA/0.5%
SDS/0.2% 2-mercapthethanol containing phenylmethylsul-
fonyl fluoride as a protease inhibitor. Leaf strips were
extracted by grinding them in a mortar and pestle with a
similar solution that did not contain the inhibitor. The ex-
tracts were centrifuged at 30,000 x g, and both the pellet and
supernatant fractions were examined for the 54-kDa protein.
The extracts of either the labeled leaves or protoplasts were
incubated with the antisera described above and immuno-
precipitated as described by Berry et al. (20). Further analysis
was by polyacrylamide gels and autoradiography.

Inoculation of Transformed Plants. R1 seedlings from self-
fertilized transgenic plants were routinely inoculated with
either 100 ,ug ofTMV (Ul strain) per ml of 50 mM phosphate
buffer (pH 7.2), with Celite added as an abrasive, orTMV (Ul
strain) RNA at a concentration of 300 ,ug/ml in 50 mM Tris
phosphate buffer (pH 8.6) with Celite. Two leaves of each
plant were inoculated. Excess inoculum was washed from the
leaves. The volume of the inoculum was not standardized
since inoculum concentration is the critical determinant as
long as there is sufficient volume for adequate spread. In our
more recent experiments, we used a closely related TMV
mutant YSI/1 (mutant b6 in ref. 21), which is easier to score
as a consequence of a bright yellow symptoms it elicits.
Plants were scored daily by visual observation of symptom
development. In some cases, presence of viral RNA in
inoculated plants was determined by probing leaf extracts
with 32P-labeled cDNA to TMV (22).

RESULTS
TMV 54-kDacDNA Gene Clone. A cDNA clone ofpart ofthe

TMV genomic RNA was synthesized using a 22-base primer
complementary to nucleotides 4906-4923 at the 3' end of the
183-kDa gene sequence (23). The cloning procedure used
resulted in the production of a cDNA clone, pRYT-1, which
contains the entire 54-kDa open reading frame downstream
from the T7 promoter in the vector pBS(-). The clone also
contains an additional 12 nucleotides upstream of the AUG
codon at position 3495, which is believed to be the initiator for
the synthesis of the 54-kDa protein. The presence of an intact
54-kDa open reading frame in pRTT-1 was verified by syn-
thesizing T7 transcripts in vitro and translating them in a rabbit
reticulocyte lysate system (Promega). In vitro translation
yielded a 54-kDa product, which confirmed the presence ofan
intact open reading frame and suggested that the AUG at
position 3495 can function as an initiation codon. Immuno-

precipitation with 54-kDa antiserum verified that the transla-
tion product is indeed the 54-kDa protein (data not shown).
Four transformed plants were generated with pTS541, and

four plants were generated with pTS541A, which lacks the 3'
nopaline synthase untranslated region and a portion of the Ti
homology region that is located immediately downstream
from the 54-kDa open reading frame. This deletion did not
interfere with integration of the chimeric TMV 54-kDa gene
sequence into the plant genome. Progeny seed was collected
from each self-fertilized plant. Additionally, plants were
transformed with the chimeric TMV gene such that 54-kDa
gene antisense RNAs were produced. Two independent
antisense transformants were regenerated.
TMV 54-kDa Gene DNA Analysis. Six of the independently

transformed plants (specified in Fig. 2) were analyzed for
expression of the chimeric gene. Genomic DNA was isolated
from transformed and untransformed N. tabacum cv. Xanthi
nn. BamHI digests of the genomic DNA were hybridized to
a 32P-labeled TMV 54-kDa gene sequence-specific probe.
Hybridization to a 3.0-kilobase (kb) fragment verified the
presence of a full-length 54-kDa gene coding sequence (data
not shown). The 54-kDa gene sequence insert is 1.44 kb, and
another 1.59 kb is contributed by flanking vector DNA. The
copy number of the 54-kDa gene sequence in the transgenic
plants, as determined by slot blot hybridization analysis,
varied from one to five copies per diploid genome between
different transgenic plants (Fig. 2). No copies of the 54-kDa
gene sequence were detected in nontransformed plants or in
plants transformed with pMON316 lacking the 54-kDa gene
sequence insert.
TMV 54-kDa Gene RNA Analysis. RNA extracted from

transformed plants was examined by Northern blot hybrid-
ization analysis (Fig. 3). RNA of the expected size for the
chimeric mRNA of 1.6 kb was identified in total RNA from
all eight transgenic plants containing the TMV 54-kDa gene
sequence in the sense orientation. Plants containing the
integrate plasmid that lacks the 3' nopaline synthase untrans-
lated region and the Ti homologous region (541A11, 541A12,
541A20, and 541A21) synthesized a 1.6-kb transcript in lower
amounts (Fig. 3); in addition, a larger transcript was synthe-
sized, which might result from the lack of the transcription
termination sequence usually contributed by the nopaline
synthase 3' sequence. In all plants a number of smaller
unidentified transcripts were also detected. Plants trans-
formed with the vector alone did not produce any transcripts
that hybridized with the probe for the 54-kDa gene sequence
(lane 316 in Fig. 3).

iC _ 5411

5C _ 5413

100 _ 541A11

25C

50C
100C

_ 541A12

- 541A20

_ 541 A21

FIG. 2. Determination of the copy number ofTMV 54-kDa gene
sequences in transgenic tobacco plants. Ten micrograms of total
DNA from each transgenic plant was spotted onto a nylon filter and
hybridized to a 32P-labeled probe specific for the 54-kDa gene
sequence. Copy number was determined by comparison to recon-
structions of 10 ,ug of tobacco DNA mixed with genome equivalents
ofthe 54-kDa sequence insert for the different copy numbers. 1C, 5C,
10C, 25C, 50C, and 100C refer to 1, 5, 10, 25, 50, and 100 copies of
the 54-kDa gene sequence per diploid genome, respectively.

Agricultural Sciences: Golemboski et al.



6314 Agricultural Sciences: Golemboski et al.

CL LC LO, JL CM

IL) C) ILf) IC 4) IC) U)

)'V, "1

0.5

.
..1

;
4.

I fi.0

FIG. 3. Analysis of RNA in transformed tobacco plants. Total
RNA was isolated from leaves of transgenic plants and separated on
a 1.2% agarose/formaldehyde gel, transferred to GeneScreenPlus,
and hybridized with a 54-kDa gene sequence-specific probe. RNA
was isolated from pTS541-transformed tobacco (5411, 5412, 5413,
and 5414), pTS541A-transformed tobacco (541A11, 541A12, 541A20,
and 541A21), controls of tobacco transformed with pMON316 (316),
and untransformed tobacco, Xanthi nn. The sizes ofthe RNAs (in kb)
are given at left.

Analysis of Plants for the 54-kDa Protein. Leaf extracts of
transformed plants and of infected untransformed controls
were incubated with antiserum raised against a synthetic
oligopeptide prepared to an internal region of the 54-kDa
protein sequence and with antiserum specific for the 54-kDa
read-through portion of the TMV 183-kDa protein. A 54-kDa
protein could not be detected either by Western blotting or by
immunoprecipitation of 35S-labeled extracts from 54-kDa
transgenic plants, protoplasts prepared from 54-kDa trans-
genic plants, or the infected untransformed control plants.

Resistance of Transformed Plants. In the first experiments
to assay for resistance to infection by TMV, plants were
inoculated with 50 ,ug ofTMV (Ul strain) per ml. Four rooted
cuttings from each of the eight independently transformed
plants containing the 54-kDa coding sequence in the sense
orientation, controls transformed with the vector alone, and
several untransformed Xanthi nn were inoculated. At 5 days
after inoculation, the transgenic controls and the untrans-
formed controls had clearly developed characteristic mosaic
symptoms, while the transformed plants containing the 54-
kDa gene sequence showed no sign of symptom develop-
ment. No symptoms had developed on these transgenic
plants by 48 days after inoculation, at which point the
experiment was terminated. A homogenate of the inoculated
and the upper leaves ofthose plants was used to inoculate the
local lesion host N. tabacum cv. Xanthi nc to determine if the
transgenic plants had a symptomless infection. No local
lesions developed, indicating the absence of detectable virus
in the transgenic plants. All regenerated plants were resistant
to TMV regardless of whether they were transformed with
pTS541, which has the TMV sequence inserted into the
complete pMON316, or pTS541A, which lacks the nopaline
synthase 3' untranslated region and the Ti homologous re-
gion.Typical plants showing resistance and susceptibility are
shown in Fig. 4. Plants transformed with the chimeric gene in
the orientation that resulted in synthesis of the 54-kDa gene
antisense RNA were also challenged with TMV; these plants
were not resistant, but in a single experiment, there was a
delay in symptom development as compared to the vector-
transformed control (data not shown). These plants were not
examined further; we have concentrated our efforts on the
plus-sense plants exhibiting complete resistance.

FIG. 4. Resistance of transformed tobacco plants to TMV infec-
tion. Shown are transgenic tobacco plants 15 days after inoculation
with 100 ,ug of TMV, strain YSI/1, per ml. The plant on the left was
transformed with the vector alone, and the plant on the right was
transformed with the TMV 54-kDa gene sequence. Typical mosaic
symptoms have developed only on the control plant.

Progeny seedlings from self-fertilized transgenic plants
were also analyzed for inheritance of the resistance phenom-
enon. R1 seeds were germinated on tissue culture medium
containing 300 pug ofkanamycin per ml. Kanamycin-sensitive
seedlings were considered to be those that were chlorotic and
did not grow beyond the cotyledon stage. The segregation
ratio of the seedlings expressing kanamycin resistance to
those susceptible to kanamycin indicates that in each of the
original transformants the neomycin phosphotransferase II

(NPTII) gene (which confers resistance to kanamycin) was
integrated at multiple loci. On the other hand, the resistance
to TMV segregated at -3:1, even though some of the
transformed plants contained multiple copies of the sequence
(data not shown). Thus, the multiple inserts must all be on
one chromosome. The large number of kanamycin resistant
"escapes" makes this an unreliable means of screening
progeny seedlings for expressors of the integrated chimeric
TMV gene (24). All subsequent infection experiments de-
scribed in this report were done with the segregating popu-
lation of line 541A11-derived R1 seedlings.

Resistance was observed at inoculum concentrations up to
500 ,ug of TMV per ml or 300 jg of TMV RNA per ml (the
highest concentrations tested). The resistant plants were
maintained for 30 days after inoculation without any subse-
quent development of symptoms. To assay for virus repli-
cation and spread of the virus, extracts of the leaf samples
were probed with cDNA prepared from purified TMV RNA.
Viral RNA could not be detected in either the inoculated
leaves or in the systemic leaves of the plants that demon-
strated resistance; thus, the resistance was not merely a
suppression of symptom development.

In another experiment, some plants were transferred imme-
diately after inoculation to a growth chamber maintained at
31WC, to determine if the 54-kDa-induced resistance to TMV is
temperature sensitive. Five ofthe seven inoculated plants in the
segregating population, which carry the 54-kDa gene sequence,
did not develop symptoms at 31WC, whereas all control plants
developed symptoms typical of those kept at 24°C, indicating
that the resistance was not temperature sensitive.

Resistance to Other TMV Strains and to CMV. Tobacco
plants transformed with the 54-kDa gene sequence and the
vector-transformed controls were inoculated with the U2 or
L strains of TMV or with CMV. Each virus or strain was
tested at concentrations of2.5-100 ,ug/ml. No resistance was
observed in any of the tests (data not shown).

DISCUSSION
Since the seminal paper of Powell-Abel et al. (25) showing that
plants transformed with and expressing the coat protein gene
ofTMV are resistant to TMV, there have been other examples
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of this concept, and it will undoubtedly have important impli-
cations for the protection of many crop species from many
viruses. To date, coat protein-mediated resistance has been
shown with alfalfa mosaic virus (AIMV) (26, 27), tobacco rattle
virus (28, 29), potato virus X (30, 31), CMV (32), potyviruses
(33, 34), and plants transformed with both potato virus X and
Y coat protein (34). The findings reported here represent an
entirely different approach to virus-induced resistance. In this
study we have demonstrated that transgenic plants containing
the TMV 54-kDa gene coding sequence are resistant to infec-
tion with TMV. Presence of the 54-kDa gene sequence pre-
vents the development of local chlorosis and any systemic
development of symptoms. There was no detectable virus in
the inoculated or systemic leaves of resistant transgenic
plants, whereas virus was easily detectable in all of the
controls. The 54-kDa-induced resistance is absolute and is not
simply a delay in symptom development. This resistance is
also not as "fragile" as coat protein-induced resistance, which
may break down when high concentrations of inoculum are
used (25). In contrast, with the 54-kDa gene sequence, com-
plete resistance is observed in plants challenged with high
concentrations of virus or viral RNA. Protection mediated by
the coat proteins of TMV and AIMV can be overcome by
inoculating with viral RNA (26, 34, 35), whereas 54-kDa gene
sequence-induced resistance remains uncompromised when
challenged with RNA.
The level of resistance in plants transformed with the

54-kDa gene sequence does not appear to depend upon the
number of copies of the inserted sequence. Plants with only
one copy of the gene sequence did not show a decrease in
resistance to intact virions or viral RNA. On the other hand,
a single copy of the TMV coat protein gene was also sufficient
to protect (25), whereas one copy of the AIMV coat protein
did not provide protection (26). The absence of a polyade-
nylylation site immediately downstream from the 54-kDa
gene sequence was also shown not to have any effect on
expression of resistance.
The question remains as to whether the 54-kDa gene se-

quence-mediated resistance is due to the 54-kDa protein or its
nucleic acid. Attempts to detect the 54-kDa protein in TMV-
infected leaf tissue or in protoplasts have not been successful.
Surprisingly, we have also not been able to detect a 54-kDa
gene product in the 54-kDa transgenic plants. This is unex-
pected because the 54-kDa open reading frame is preceded by
the CaMV 35S promoter, which is known to function quite
well in the plant genome (14). It is possible that the 54-kDa
protein is very labile and rapidly turned over in the cell or that
it is made at such low levels that it is below our limit of
detection. Based on the suggested role of the 183-kDa protein
in replication of the TMV genome (2), one might hypothesize
that the 54-kDa protein is also a component of a membrane-
bound replicase. In addition, evidence suggests that the TMV
126-kDa protein is also a component of the TMV replicase
complex (2). We have produced transgenic plants containing
the complete 126-kDa gene sequence and have found these
plants to be as susceptible to infection as untransformed plants
(data not shown). The predicted 54-kDa protein contains a
Gly-Asp-Asp motif that is conserved among many positive-
strand viruses (36-38) and has been shown to be necessary for
replicase activity in Qp bacteriophage (39). Constitutive syn-
thesis of either the 54-kDa RNA transcript or the 54-kDa
protein, which includes the Gly-Asp-Asp sequence, probably
interferes with TMV replication. If the 54-kDa protein itself is
not a constituent of the replication complex, it could induce
resistance by competing with the 183-kDa protein, which is
most probably a constituent of that complex.
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